This paper continues the discussion of the detailed experimental study conducted on adaptive optical control methodologies inside a laser resonator.' In this paper we discuss the experimental results for the correction of tilt within a laser resonator utilizing a multidither zonal COAT system. The tilt aberration was introduced in three different ways: (1) static tilt was introduced while the COAT system was open loop and then the control loop closed, (2) static tilt was incrementally introduced while the COAT system control loop was closed loop (denoted as continuously closed loop), and (3) dynamic tilt was applied while the COAT system's control loop was closed. Experimental data are presented on the correction capability of the COAT system for each method of introduction of tilt over a large range of tilt angles and control loop configurations (open/ closed and continuously closed). Limitations of the system are discussed, and design recommendations and conclusions are provided.
Introduction
This paper represents the second' of several papers describing experimental and analytical results and interpretations of correction for aberrations within a laser resonator. The results presented in this paper are part of an extensive experimental and analytical study conducted at United Technologies Research Center to evaluate the performance of intracavity adaptive optics (ICAO) for phase front correction for several low-order aberrations. During the extensive experimental study, pure astigmatism and tilt and thermal distortions (primarily defocus) were introduced both statically and dynamically and corrected utilizing a multidither zonal COAT system. In this paper a comparison is presented of several optimization techniques using the COAT system within a laser resonator for the correction of tilt. Beam quality (BQ), power-in-the-bucket (PIB), and total power measurements were monitored over a range of tilt angles for (1) static tilt introduced within the resonator while the control loop was open and then closed, (2) static tilt incrementally introduced when the
Experimental Configuration

A. Laser Device
These experiments were performed on a 10-cm diam convection cooled, closed cycle, CO 2 electric discharge laser. The characteristics of the gain medium are presented in Ref. 1. A schematic diagram of the Neq = 6.5, positive branch, confocal linear unstable resonator used in these experiments is shown in Fig. 1 . There are two turning mirrors located within the cavity. Mirror M 2 (the aberration generator) is the tilt generator used for these tests. The other turning mirror (M,) is the deformable mirror for the intracavity adaptive optics experiments. The extracavity turning mirror (M 3 ) is used for extracavity adaptive optics experiments not addressed in this paper. An intracavity beam splitter (3% reflective) is located near the output coupling mirror to provide a sample of the intracavity mode intensity profile. A picture of the experimental test bed, including all diagnostic equipment, is shown in Fig. 2 . Table I shows the important resonator parameters. Additional details of the critical components is given below.
B.
Cavity Optics
As in the previous paper,' we are using zonal multidither hill-climbing servo techniques similar to those used in previous studies 2 -5 to control the optical figure of a continuous surface discrete actuator deformable mirror (M 1 ). The actuators have sufficient displacement for correction of any of the tilt aberrations introduced in this study.
The phase tilt was introduced in the resonator by a turning mirror (M 2 ) located near the output coupling mirror. The mirror is driven by a large piezoelectric actuator (Table II) and is capable of tilt magnitudes of up to 1.0 mrad statically and at least 0.5 mrad at a frequency of 200 Hz. The resonator has a critical tilt angle (Or) of 0.344 mrad measured at the convex mirror (Table   M 3 I). This is the angle where the tilted optical axis passes beyond the edge of one of the mirrors. 6
L3
The measure of the magnitude of the tilt aberration is the center to edge wave front perturbation in units of wavelength (10.6 im) ; thus, for the turning mirror used Aberration at the experimental angle of incidence (30°), the numgenerator ber of waves of tilt aberration is given by Axial free displacement 3000 x 10-6 in. minimum preloaded to 2400 lb ( 10%) at +2500 V to -1250 V peak
Hysteresis
Less than 30%
Actuator spring constant 2.6 x 106 lblin. minimum preloaded to 2400 lb (±10%) -121 where = the tilt angle (in the plane of incidence in grad), D = beam diameter, X = 10.6 gim, and A, = aberration strength parameter. The critical tilt angle () corresponds to a tilt of 195 grad by the tilt mirror. The calibration of the tilt magnitude vs tilt mirror actuator position was performed by using a Kaman probe. The use of this probe gives the capability of repeating tilt settings in spite of the large hysteresis of the actuator.
The diagnostics used to characterize the resonator performance for tilt correction were described in Ref. (i.e., 1.6 times the Airy disk diameter of the far field).
The control algorithm used in tilt correction experiments is power-in-the-bucket (PIB) optimization. Figure 3 shows the block diagram for PIB optimization which maximizes the power on the COAT detector.
Ill. Experimental Results
A. Static Tilt Correction
Characterization of the tilt correction capabilities of the system was performed for three cases: addition of the static tilt aberration (1) prior to COAT system loop closure; (2) after loop closure; and (3) dynamic tilt aberration introduction after loop closure. This was performed for three magnitudes (0.22, 0.44, and 0.66 waves-center to edge) of phase tilt perturbation for the above three cases. 
Far field
Intracavity mode
and is tied to the beam spreading upon loop closure shown in Fig. 4 since the mixed mode, which optimized the power on the COAT detector, will be that which produces the greatest power increase while simultaneously producing the least spreading of the far field beyond the COAT feedback aperture size. Additionally, some power increase from the resonator may be expected upon loop closure simply because the adaptive optic will compensate for residual aberrations within the resonator. : .3_3rr =*. (1) The absence of intracavity mode intensity in the lower center portion of the mode for all amplitudes of tilt. The deviation of the mode structure from the ideal is due to the localized figure error of the deformable mirror previously described.' (2) The spreading of the far-field intensity pattern for the aligned resonator (Fig. 4) upon loop closure.
This behavior can be attributed to the fact that the COAT feedback aperture is larger than the far-field Airy disk. The hill-climbing servo can optimize the power through the aperture by forcing the resonator to operate on some mixed mode which includes components of higher-order modes. This mixed mode will not have the same far-field performance as the lowest-order mode. This spreading of the far field is directly related to the third important feature of the data. of good correction at the larger tilt amplitudes is inherent in the type of control algorithm used and will be discussed in greater detail later. Note, however, that even for the large tilt amplitudes, the far-field beam centroid has been moved toward the original aligned resonator location.
Further information concerning the performance of the control system is obtained from the data shown in Fig. 8 . These data are for the continuously closed loop case where tilt is incrementally added after the control loop is closed. Substantial improvement compared with the previously shown data is observed.
The data for both methods of static tilt correction are summarized in Figs. 9 and 10. Near identical correction for both methods is observed for small tilt amplitudes as shown by the behavior of both the output power and the power in a 2.6 FX/D bucket (PIB) tilt angle. Further measure of the correction provided is shown in Fig.  11 which shows the power in the 2.6 FX/D bucket located on the aligned resonator far-field beam centroid rather than the actual perturbed resonator beam centroid. This figure dramatically illustrates the translation of the far field produced by the intracavity tilt and the ability of the adaptive optic to move the beam centroid close to the original optic axis. The lack of good correction at 0.66 waves tilt for loop closure after tilt introduction is a result of a signal lock-on problem with the control system as will be discussed in the following paragraphs. In the open loop case for power-in-the-bucket measured about the beam centroid (i.e., the detector is moved to a new position of the beam centroid), the power-in-the-bucket decreases with increasing tilt until -0.25 Oc and then starts to increase. This is due to the fact that, as tilt is added, a second set of Fresnel rings is introduced. When the two sets of rings interfere destructively with each other, the beam is distorted thereby reducing beam quality. This reduction in beam quality will continue until the two sets start to interfere constructively and then beam quality and the power-in-the-bucket will increase. (These results are also verified analytically. 7 ) It is also important to note that for tilt amplitudes greater than 0.3 Or, we see a reduction of power in the beam centroid upon loop closure. This is due to the COAT system locking onto a sidelobe with power being diverted from the beam centroid toward the direction of the optical axis.
The major features of all the static tilt data can be explained in terms of the limitations of application of hill-climbing servo techniques to intracavity aberration correction.
The poorer correction for large amplitudes of tilt, when the tilt was introduced prior to loop closure, is directly related to the control algorithm. When the tilt amplitude is large enough to translate the peak of the first ring of the far-field diffraction pattern onto the center of the COAT detector aperture (0.16 waves for the resonator under study), the possibility exists for local maxima lock-on resulting from the 2irN ambiguity problem. 8 The likelihood of this occurring is reduced if the COAT detector aperture is larger than an Airy disk diameter. 9 The decreased 27rN lock-on probability for larger COAT detector apertures is demonstrated experimentally by the fact that near identical performance occurs for the closed loop and continuously closed loop cases for tilt correction at 0.22 waves, a tilt amplitude larger than the 0.16 waves required to center a sidelobe on the COAT detector aperture. However, although the 27rN ambiguity problem can be reduced by increasing the COAT aperture size, one will sacrifice optimum performance of the system at small tilt amplitudes as shown by the beam spreading upon loop closure for the aligned resonator (see Fig. 4 ). Elimination of the 27rN ambiguity problem inherent in multidither control algorithms has been the subject of considerable research. 9 "1 0 However, for these techniques to apply to the intracavity use of adaptive optics, they must not only be able to discern a local maxima lock-on produced by the output phase aberrations (the sole concern when extracavity correction is performed), but must determine the possibilities of local maxima in output power as well since the aberration will modify the resonator mode structure.
This mode perturbation effect can produce situations which promote local maxima lock-on for aberrations far smaller than the 0.16 waves tilt required for simple diffraction pattern sidelobe lock-on. Analytical calculation of the eigenvalues for the lower-order resonator modes as a function of tilt perturbation is shown in Fig.  12 . The first crossing of the eigenvalues (va) occurs at -0.05 waves. The drop in the eigenvalues at 0.05 waves tilt represents a barrier to the hill-climbing servo if loop closure occurs after tilt is introduced, thus the system will never return to the aligned case. This type of ambiguity cannot be reduced by increasing the COAT detector aperture size and is a contributing factor in the reduced performance of the closed loop correction case (Figs. 6 and 7) compared with the continuously closed loop correction case (Fig. 8) .
B. Dynamic Tilt Correction
In the dynamic tilt study, the tilt was applied as an offset sine wave of the form A,(Tr) = A, [1 + sin(27rft)] having the same amplitudes (peak-to-peak excursions) as in the static case and at two different frequencies (10 and 30 Hz) . The time-averaged intracavity mode and far-field intensity patterns are shown in Figs. 13-15 .
The general features of the data are the lower degree of correction for dynamic tilt as compared with static tilt and the fact that better correction is achieved at the Explanation of the dynamic tilt dat careful consideration of the frequency re.
COAT system, the size of the COAT feedb and the response of the resonator to tilt a
The open loop response of the COAT fe( to applied tilt has two principal features.
(1) At low tilt amplitudes, the cause signal change is predominantly due to cl ( itamp ( to P resonator mode structure, the first mode crossing being Tilt= at 0.05 waves (see Fig. 12 ). At 0.05 waves tilt, the far-
field spot position is less than one-half of the Airy disk diameter, and, thus, simple decentering of the beam on This frequency is dependent upon both the frequency a involves a and amplitude of the tilt introduced. ianges in the and some average correction, less than the static tilt correction, should occur and in fact is observed experimentally. At 10-Hz dynamic tilt, the mode switching frequency is near the bandwidth limit of COAT system, and amplification of the error may result from the 180°p hase lag in the system. This is believed to be the cause of the poorer correction for 10-Hz dynamic tilt with respect to 30 Hz at low tilt amplitudes (see Fig. 17 ). At higher tilt amplitudes, the mode switching frequency is well beyond the control bandwidth at either tilt frequency, and no frequency dependent response to mode switching should occur. However, the fluctuations caused by beam decenter now become important, and the system will correct better at 10 Hz than at 30 Hz, accounting for the improved correction at 10 Hz with respect to 30 Hz observed at the larger tilt amplitudes (Fig. 17) .
IV. Conclusions
Zonal multidither hill-climbing servo COAT techniques applied to tilt correction fail to achieve good correction for large tilt amplitudes when the control loop is closed after tilt is introduced. Reasons are (a) 27rN-ambiguity lock-on, and (b) local maxima in laser performance resulting from resonator mode competition effect is more of a problem with tilt aberration than with astigmatism because tilt more severely disrupts the mode structure of the resonator. Therefore, we suggest that a separate tilt sensor be used to provide error signal for correction of tilt and let the multidither COAT system correct for higher-order aberrations where it performs much better.
The bandwidth of the COAT system for dynamic tilt correction must be well beyond the bandwidth of the induced tilt. This bandwidth depends on the tilt frequency and on the magnitude of the tilt aberration, since the magnitude of the tilt aberration will determine the number of eigenvalue crossings, and those crossings will introduce mode switching.
